Mild traumatic brain injury (mTBI) and post-traumatic stress disorder (PTSD) are common outcomes for service members. Abnormal connectivity within neural networks has been reported in the resting brain of mTBI and PTSD patients, respectively; however, the potential role of PTSD in changes to neural networks following injury has not been studied in detail. Using a data-driven approach, the present analysis aimed to elucidate resting state functional connectivity in the default mode network (DMN) in those with mTBI only and those with comorbid mTBI and PTSD. A secondary analysis focused on distinct contributions by the anterior and posterior DMN components. Group-level independent component analysis was used to identify the DMN, and a dual-regression method was utilized to measure connectivity within the overall network and its anterior (medial prefrontal cortex) and posterior (posterior cingulate cortex) nodes. Connectivity within the overall DMN was significantly higher for the mTBI only group (p=0.001), as compared to controls and mTBI+PTSD. For all subjects with mTBI, network connectivity correlated inversely with PTSD checklist score (p<0.05).
INTRODUCTION
Combat-related traumatic brain injury (TBI) is a common risk for military personnel, with one recent analysis reporting a 16% altered consciousness rate in deployed individuals (Schwab et al., 2007) . Injured active-duty and veteran service members are also thought to be at increased risk for post-traumatic stress disorder (PTSD) (Hoge et al., 2007) . Furthermore, long-term cognitive impairment and attention deficits are widely reported, but poorly understood, following injury (Chen & D'Esposito, 2010; Dockree et al., 2006; Levine et al., 2006; Robertson et al., 1997) . While task-based functional neuroimaging has proven a useful tool to study changes in brain activity following injury, the findings often apply to only particular cognitive deficits. In contrast, imaging of resting state (task-independent) intrinsic connectivity networks (ICNs) can inform both baseline brain activity and interaction with cognitive demand (Fox et al., 2005; Smith et al., 2009 ). Previous studies show that both mild TBI (mTBI) and PTSD are associated with abnormal patterns of resting state connectivity (Palacios et al., 2013; Rabinak et al., 2011; Stevens et al., 2012; Yin et al., 2011) , although the potential role of PTSD in changes to ICNs following injury is not well-understood.
One ICN of particular interest in patient populations is the default mode network (DMN). This network is identified as spontaneous, synchronized low-frequency fluctuations primarily in the prefrontal, posterior cingulate, and bilateral temporal regions during the resting state, which also deactivate in a coordinated fashion during task-oriented neural activity (M. D. Greicius et al., 2003; Uddin et al., 2009 ). These distinct patterns of connectivity at rest and during cognitive demand are well-characterized in healthy individuals (Buckner et al., 2008; Fox et al., 2005; Raichle et al., 2001) . In comparison, alterations to the DMN have been previously reported in a variety of clinical conditions, including post-concussive and post-traumatic patient populations (Bernier et al., 2017; Bonnelle et al., 2011; M. Greicius, 2008; Hillary et al., 2011; Sharp et al., 2011; Sripada et al., 2012; Zhang & Raichle, 2010) .
Recent studies have pointed to differential roles for the anterior (medial prefrontal cortex; mPFC) and posterior (posterior cingulate cortex; PCC) nodes of the DMN, specifically with respect to patterns of functional connectivity and anti-correlation during cognitive demand (Fransson & Marrelec, 2008; Leech et al., 2011; Uddin et al., 2009) . Sharp et al. (2011) recently noted that connectivity within the DMN at rest and during task could be affected by TBI, and that the DMN may have multiple roles depending on which part of the network is utilized. Further, TBI and PTSD each have been linked to changes in baseline connectivity of specific parts of the DMN (Bonnelle et al., 2011; Sripada et al., 2012) . However, connectivity patterns within the DMN have not been studied in detail in those patients with coexisting TBI and PTSD. This is the first study of which we are aware that examines alterations to the DMN at rest in patients with mild TBI (mTBI) and PTSD comorbidity. Study participants include three groups: those diagnosed with mTBI and PTSD, a second group with mTBI but no history or diagnosis of PTSD, and a control group with no history of mTBI or PTSD. Using a data-driven approach, resting state functional connectivity of the DMN was examined, with specific focus on distinct contributions by anterior and posterior network components.
RESULTS
Participants were divided into three groups: those with mTBI (n=27; 26M/1F), those with mTBI+PTSD diagnosis (n=24; all male), and controls without a history or diagnosis of TBI or PTSD (n=55; 44M/11F). Average age at enrollment was 317 years (mTBI), 347 years (mTBI+PTSD), and 3914 years (control group) for the three study groups (significant difference of age between groups, one-way ANOVA, p=0.004). Additionally, PCL-C scores were 36.69, 54.811, and 19.83 for mTBI, mTBI+PTSD, and control groups, respectively (significant difference of score between groups, one-way ANOVA, p<0.0001). Performance on the BVMT-R was generally lower for those with mTBI than in the normative population (29% and 20% of study population scored >2 standard deviations below average on the total recall and delayed recall tests, respectively). Finally, time since injury was 20.6 and 26.6 months on average for the mTBI group and mTBI+PTSD group, respectively, and this difference was not significant (t-test, p=0.16). Controlling for the effect of age, connectivity in the anterior (mPFC) node was significantly lower in the PTSD subgroup as compared to those without PTSD, (t-test; F(1,49)=4.457, p=0.017, d=0.787), with connectivity inversely correlating with total PCL-C score (r=-0.296, p=0.037).
Posterior (PCC) connectivity significantly correlated with total recall (r=0.352, p=0.012) and delayed recall t-scores (r=0.345, p=0.014) on the BVMT-R exam, when controlling for age. In contrast, these BVMT-R sub-scores did not correlate with mPFC connectivity, nor did PCC connectivity correlate with PCL-C score (results not shown). 
DISCUSSION
This study reports differences in DMN connectivity patterns in those with only mTBI, those with mTBI and comorbid PTSD, and in healthy controls. Connectivity within the DMN whole network was increased in the mTBI-only group as compared to controls and those with mTBI+PTSD. In addition, DMN network connectivity inversely correlated with PCL-C score in those with mTBI (with or without PTSD). When examining connectivity patterns in the anterior and posterior nodes of the network, we found distinct associations between the anterior DMN and PTSD symptoms and between the posterior DMN and mTBI-related cognitive deficits. Specifically, connectivity in the mPFC was significantly lower in those with mTBI and PTSD as compared to the mTBI only group. A correlation was found between PCL-C score and mPFC connectivity in those with mTBI. Meanwhile, connectivity in the PCC was not significantly different between mTBI subgroups nor correlated with PCL-C score; rather, PCC connectivity was correlated with visual memory task performance.
Higher resting state DMN connectivity in traumatic brain injured patients relative to healthy controls has been previously reported (Hillary et al., 2011; Sharp et al., 2011; Zhou et al., 2012) . Bernier, et al. (2017) report a so-called "hyper-connectivity" pattern in the DMN during task in those with moderate and severe TBI, which was associated with better performance on a working memory task. As for mTBI patients, Sharp, et al. (2011) hypothesize that such a connectivity increase could be related to a dysfunction in attention switching during cognitive demand in those with TBI. In our study, PCC connectivity appeared associated with degree of visual memory deficit, a finding supported by evidence of coupling between the DMN and working memory networks (Piccoli et al., 2015; Vilberg & Rugg, 2008) . It is also possible the posterior DMN in particular is implicated in general cognition and attention (Fransson & Marrelec, 2008; Leech et al., 2011) . Given the known multiple functions of the PCC and the relationship between posterior DMN connectivity and cognitive task performance, these findings support an injury-related compensatory mechanism for those with chronic mTBI .
In contrast to the posterior DMN, the anterior network node appears more related to posttraumatic symptoms. Similar to our results, Sripada, et al. (2012) reported lower connectivity in the mPFC within the DMN in those with PTSD. Furthermore, studies of PTSD mechanisms implicate the mPFC in the development of symptoms, from reduced activity to underactive inhibitory control of the amygdala (Etkin & Wager, 2007; Koenigs & Grafman, 2009; Shin et al., 2006) . Taken together, these findings could support a direct relationship between connectivity in the mPFC and PTSD outcomes (Koenigs & Grafman, 2009 ).
In our study population, anterior and posterior parts of the DMN appear to differentially relate to post-traumatic symptoms and cognitive abilities. A further implication for those with both mTBI and PTSD is that PTSD has a high degree of influence on overall DMN activity, which is further supported by the association with PCL-C score. As the DMN is wide-spread spatially but tightlycoupled functionally (M. D. Greicius et al., 2009; Uddin et al., 2009) , focal injury to specific regions of the network could have a significant effect on severity of both post-traumatic and cognitive outcomes in long-term mTBI patients.
This study had a few limitations. First, the separation of effects of injury from those due to PTSD was limited due to a lack of a PTSD-only (without mTBI) participant group. Second, we could not fully examine the relationship between DMN connectivity at rest and cognitive deficits as neuropsychological data were not collected for the control group. Third, a lack of task-related data in the DMN regions limits the ability to directly examine the effects of altered patterns of connectivity on attention and cognitive control. Methodologically, the group-level ICA assumes a common overlap in spatial maps for all ICNs for all subjects (in generating component maps), which may not be the case in the injured population. Fourth, there were concerns about the influence of potential outliers in the resting state data on the relationship between connectivity measures and the PTSD scale and neuropsychological measures. However, upon careful review of the image quality for these data points we found no compelling reason to exclude them from the analysis, and non-parametric test results were similar to those of parametric tests. Finally, it is difficult to interpret the differential connectivity patterns in the two mTBI groups without structural information regarding implicated brain regions.
In conclusion, the findings presented herein highlight the importance of ICNs to traumatic brain injury and post-traumatic disorders. A major strength of this study was the use of resting state task-independent data and a data-driven approach, allowing for identification and analysis of ICNs without ad hoc assumptions. This is the first study of mTBI to our knowledge to report differential influence of DMN components on post-traumatic symptoms and cognitive outcomes.
Given the close relationship between DMN connectivity and attention deficits (Bonnelle et al., 2011; Hampson et al., 2006; Uddin et al., 2008) , these findings could inform generalized cognitive or social-emotional difficulties often reported by those with long-term mTBI and PTSD.
Furthermore, our findings support the possibility that localized injury can affect the degree of post-traumatic and cognitive outcomes in these patients.
EXPERIMENTAL PROCEDURE

Participants
Participants were recruited as part of an exploratory, randomized, double-blind, sham-controlled trial of hyperbaric oxygen for persistent post-concussive symptoms following mTBI; this analysis only examines the baseline time point (Weaver et al., 2018) . Participants in this study were male or female active duty or veteran service members 18-65 years old with history of mild TBI with at least 3 months of persistent symptoms based on structured interview and medical records (Weaver et al., 2016) . Additionally, all mTBI participants were clinically assessed for PTSD using the Structured Clinical Interview for DSM-IV (SCID) diagnostic tool (First, 2002) , as well as scored on the PTSD checklist (PCL-C) (Bliese et al., 2008) . The control group included men (18-65 years old) and women (18-35 years old) without history of brain injury, with uncomplicated birth and normal development and no significant medical or psychological history, who were assessed as part of a separate prospective study intended to complement the assessment of the mTBI study population (Weaver et al., 2016) . As part of both the mTBI and the healthy control prospective studies, participants underwent an extensive imaging protocol while the mTBI participants additionally underwent a neuropsychological testing battery. One neuropsychological test of interest was the revised Brief Visuospatial Memory Test (BVMT-R), a visual learning and memory test comprised of learning, delayed recall, and recognition trials (Benedict, 1997) . We chose to examine this test given the commonality of memory impairment following brain injury combined with the established relationship between working memory, general cognitive impairment, and DMN activity (Rombouts et al., 2005; Sambataro et al., 2010; Sestieri et al., 2011) .
All participants underwent a full imaging protocol on a 3T Philips Achieva MRI scanner (Philips Healthcare, Best, The Netherlands). The resting state functional scan was a T2-weighted echoplanar imaging sequence with the following parameters: TR/TE/FA of 2000ms/25ms/60deg with an in-plane voxel resolution of 3.75x3.75 mm and 4 mm slice thickness. There were 180 time points collected over the 6-minute scan. Preprocessing of image data included removal of presteady state volumes, physiological noise correction (removal of modulated cardiac and respiratory artifacts), slice timing correction, brain extraction, motion correction, high-pass temporal filtering, and spatial smoothing (5mm FWHM kernel). Preprocessed data was examined for quality assurance. Poor alignment to the anatomical T1 reference image, excessive head motion (+/-1.5mm), or presence of objectionable artifact resulted in exclusion of that fMRI session from group analysis. 3D T2 FLAIR images were also collected at the same time as the resting state protocol, and interpreted by clinical radiologists for markers of injury (Weaver et al., 2018) . For the present study, lesion load was defined as the total count of T2-hyperintensities recorded on clinical impression of the FLAIR images. Clinical interpretations were performed by two neuroradiologists and adjudicated by a third, all of whom were blind to the study group.
All image analysis was performed in FSL software (Smith et al., 2004) . Independent component analysis (ICA) was performed using the MELODIC tool (C. F. Beckmann et al., 2005) . Group ICA involved multi-session temporal concatenation of all participant data into one 4D dataset.
Data decomposition and permutation testing (corrected, p<0.001) yielded 31 spatially distinct components, which included a number of ICNs as well as nuisance components. ICNs were then identified in each individual using a dual-regression approach in which the group-level spatial maps were regressed onto each individual 4D dataset, followed by temporal regression onto the same datasets. Dual-regression method development and documentation are detailed by Beckmann, et al (2009) . The output of the dual-regression included subject-specific spatial maps representing the independent components. From these, the ICN of interest (DMN) was identified by visual inspection of the spatial maps and general linear model parameter estimates were extracted from the second stage of the dual-regression as a measure of coherence within network time courses (Binnewijzend et al., 2012; Mostert et al., 2016; Poudel et al., 2014) .
To examine the contribution by specific nodes to overall network connectivity, anterior (mPFC) and posterior (PCC) network nodes were identified by thresholding group-level network connectivity maps (probability map threshold=0.9). Masks of these regions were then used to extract parameter estimates as described above for the overall network.
Statistical Analysis
Post-hoc statistical analysis was performed in SPSS (IBM, SPSS Statistics v.25). Univariate ANOVA was performed comparing network connectivity within each subject group: among controls, among those with mTBI only, and among those with mTBI+PTSD, followed by pairwise post-hoc comparisons. For this outcome, parameter estimates were converted to z-scores for ease of visual comparison. Pearson's correlation was used to determine the relationship between PCL-C score and connectivity measures in the overall network and specific nodes.
Correlations with PCL-C score were performed within the mTBI subgroups only given the influence of floor effect for the control group (minimum PCL-C score = 15). The relationship between connectivity measures and neuropsychological test scores was also examined using Pearson's correlation. As neuropsychological data was not collected for the control population, comparisons between test scores and connectivity measures was limited to the mTBI subgroups. Test scores were analyzed as t-scores (distribution mean=50, sd=10) normalized to the general population, with low scorers considered to be below 30 (greater than 2 standard deviations below the mean). Age was considered as a covariate for all analyses, given the potential for age-related effects on baseline neural network connectivity. Lesion load, as defined by number of T2-hyperintensities recorded on clinical read, was found not to be significant in any models and therefore was not included in any final models. Given the concern about potential outliers in the resting state data, non-parametric statistical methods were implemented as a sensitivity analysis. A Kruskal Wallis test was performed to examine group differences in DMN connectivity, a Wilcoxon Rank Sum test evaluated group differences in mPFC connectivity, and Spearman correlations were used as an alternative to Pearson correlation to measure relationships between connectivity measures and PCL-C scores and neuropsychological tests. Comparison to total PCL-C score (top) and to BVMT-R total recall and delayed recall tscores (bottom) are visualized for those with mTBI only. TOP: Models including age as a covariate indicated a significant group difference in mPFC connectivity between mTBI groups (p=0.017) and a significant correlation between mPFC connectivity and BVMT-R (p=0.037).
BOTTOM: Significant correlations were also found for PCC connectivity and total recall (p=0.012) and delayed recall (p=0.014) t-scores, respectively, in models including age as a covariate.
